Abstract-The use of N cognitive relays to assist primary and secondary transmissions in a time-slotted cognitive setting with one primary user (PU) and one secondary user (SU) is investigated. An overlapped spectrum sensing strategy is proposed for channel sensing, where the SU senses the channel for τ seconds from the beginning of the time slot and the cognitive relays sense the channel for 2τ seconds from the beginning of the time slot, thus providing the SU with an intrinsic priority over the relays. The relays sense the channel over the interval [0, τ ] to detect primary activity and over the interval [τ, 2τ ] to detect secondary activity. The relays help both the PU and SU to deliver their undelivered packets and transmit when both are idle. An optimizationbased formulation with quality of service constraints involving queueing delay is studied. The results show the benefits of relaying and its ability to enhance both primary and secondary performance, especially in the case of no direct link between the PU and the SU transmitters and their respective receivers. Three packet decoding strategies at the relays are also investigated and their performance is compared.
I. INTRODUCTION
In the quest for efficient use of radio spectrum, high reliability and high speed wireless transmission, cognitive radio and cooperative communications emerge as two of the most promising technologies. In cooperative communications [1] , [2] , a portion of the channel resources are assigned to one or more relays for cooperation. These relays cooperate with a source node to help in forwarding its data to a destination. In [3] , Krikidis et al. proposed to deploy a dumb relay node in cognitive radio networks to improve network spectrum efficiency. The relay aids both the primary and the secondary users. The proposed protocol is analyzed and optimized for a network model consisting of a pair of primary users (PUs) and a pair of secondary users (SUs).
Relays with buffers are considered in [4] - [7] . The maxmax relay selection policy is considered in [4] . Buffered relays enable the selection of the relay with the best sourcerelay channel for reception and the best relay-destination channel for transmission. In [6] and [7] , the authors considered two-hop communication, where the SU exploits periods of silence of the PU to transmit its packets to a set of relays. Moreover, the relays can transmit even when the PU is busy because they can act together and create This paper was made possible by grant number NPRP 6-1326-2-532 from the Qatar National Research Fund (a member of Qatar Foundation). The statements made herein are solely the responsibility of the authors. a beamformer to suppress or even null the interference at the primary receiver. The instantaneous channel gains are assumed to be known at the relay stations.
In this work, we consider buffered relays with cognitive capabilities. The relays serve two users with different priorities: a PU and an SU. 1 We do not assume instantaneous channel knowledge and, hence, our protocol does not involve relay selection on the basis of instantaneous channel quality. We propose a particular overlapped spectrum sensing scheme in order to regulate the operation of the PU, the SU and the relays.
We can summarize the contributions in this paper as follows. We consider one PU and one SU in the presence of N cognitive relays. The relays are used to help both the PU and the SU in communicating their data packets to their respective receivers. We propose a novel overlapped spectrum sensing technique to coordinate channel access. More specifically, the SU senses the channel for τ seconds from the beginning of the time slot to detect possible activity of the PU, while the relays sense the channel for 2τ seconds from the beginning of the time slot. Each relay senses the channel over the interval [0, τ ] to detect possible activity of the PU and over the interval [τ, 2τ ] to detect the activity of the SU. The SU transmits a packet from its queue if the PU is sensed to be idle. For the relays to transmit, they must sense both the PU and the SU to be inactive. We investigate three strategies for the decoding of the primary and the secondary transmissions at the relays. We propose an ordered acceptance strategy, denoted by S OD , in which the relays are ordered in terms of accepting the undelivered packets of the PU and the SU into their queues. To simplify the decoding process, we propose random assignment decoding, denoted by S RD , and round robin decoding, denoted by S RR , in which each relay is assigned to the decoding role for a fraction of the time slots. We study the optimal secondary average service rate given certain average arrival rates to the primary and the secondary queues.
II. SYSTEM MODEL The network consists of one primary transmitter 'p', one secondary transmitter 's', one primary destination 'pd, one secondary destination 'sd', and a set of N relays labeled as 1, 2, 3, . . . , N . We consider a time-slotted system. The relays are half-duplex, which means that they either transmit or receive but cannot do both at the same time. Each of the PU and the SU has an infinite buffer for storing fixed-length packets. Each user operates as a discrete-time Geo/Geo/1 queue [8] . 2 The arrivals at the primary and secondary queues are independent and identically distributed (i.i.d.) Bernoulli random variables from slot to slot with means λ p ∈ [0, 1] and λ s ∈ [0, 1] packets per time slot, respectively. Arrival processes at the primary and secondary buffers are statistically independent of one another. Each relay has two queues: a queue for relaying the primary packets denoted by Q p,k , and a queue for relaying the secondary packets denoted by Q s,k , where k ∈ {1, 2, . . . , N }. The relays help both the PU and the SU to deliver their packets in the periods of silence of both of them. If a terminal transmits during a time slot, it sends exactly one packet to its respective receiver.
We propose an overlapped spectrum sensing scheme as depicted in Fig. 1 . The SU senses the channel from the beginning of the time slot up to τ seconds relative to the beginning of the time slot, while all the relays sense the channel over the interval [0, τ ] to detect primary activity and over the interval [τ, 2τ ] to detect secondary activity. If the channel is sensed to be free over both intervals, then all the relays remain idle during the rest of the time slot except the relay that is scheduled for transmission provided that its queues are nonempty. If either the PU or the SU is sensed to be active, then the relays may switch to the receiving mode depending on the decoding strategy as explained later in Subsection II-A.
A. Medium Access Control (MAC) Layer
The PU transmits the packet at the head of its queue starting at the beginning of the time slot. If the PU is sensed to be idle by the SU, the SU transmits the packet at the head of its queue after τ seconds. A relay with nonempty queues transmits during a time slot after 2τ seconds if it is scheduled to transmit and it senses the PU and the SU to be idle. The probability that relay k is scheduled to transmit during a time slot is ω k . This means that over a large number of time slots relay k is assigned to transmit during a fraction ω k of the total time slots. It is clear that N k=1 ω k = 1. We define the N -dimensional vector ω = (ω 1 , ω 2 , . . . , ω N ) to indicate the fraction of time slots allocated to each relay for transmission. If relay k is scheduled for transmission, which occurs with probability ω k , it chooses a packet from Q p,k with probability α k and from Q s,k with probability 1 − α k . We define the N -dimensional vector α = (α 1 , α 2 , . . . , α N ) whose kth element is α k . 2 The notion of a discrete-time Geo/Geo/1 queue is used to describe a queueing system with a Bernoulli arrival process and geometrically distributed service times. If a relay receives during a time slot, it distinguishes between the primary and the secondary transmissions through an identifier contained in each transmitted packet. 3 If a relay correctly receives a packet, it decides to accept it with a certain probability. This acceptance probability manages the flow of packets to the relevant relaying queue. The acceptance probability vector of the undelivered primary packets is f p , where its kth element, denoted by f p,k , is the probability that relay k admits a correctly received primary packet to Q p,k . Similarly, the vector f s has N elements with f s,k being the probability of admitting a correctly received secondary packet to Q s,k .
1) Ordered Acceptance Strategy:
Under the ordered acceptance strategy, S OD , if a relay senses either the PU or SU to be busy, it operates in the receiving mode till the transmission time within the time slot is over. If the primary destination (PD) or secondary destination (SD) acknowledges the correct reception of the transmitted packet by sending an acknowledgment (ACK) message, the relays discard what they have received from the PU or the SU. If the PD or SD declares its failure to decode the received packet correctly by generating a negative-acknowledgment (NACK) message, the relays attempt to decode the received packet and determine its origin. If the received packet is correctly decoded and, hence, its origin is identified by the first-ranked relay, it decides whether to accept the packet. If the packet is admitted, an ACK is transmitted by the relay to inform the PU or SU to drop the packet from its queue and to notify the other relays that the packet has already been accepted. If the first-ranked relay receives the packet in error or does not accept it, it remains silent and the second-ranked relay makes the acceptance decision in case it has received the packet correctly. Generally, a relay, depending on its decoding rank, decides whether to accept a correctly decoded packet provided that all the preceding relays do not admit the packet. We assume perfect decoding of the feedback messages at all nodes. This assumption is reasonable when strong channel codes with low modulation indices are employed for the feedback channel [9] .
The relays' acceptance order is the N -tuple m n = (m 1 , m 2 , . . . , m θ , . . . , m N ), where m θ ∈ {1, 2, . . . , N } and
means that relay 1 is assigned the m 1 th acceptance rank, relay 2 is assigned the m 2 th rank and so on. It is evident that m n is a permutation over the set {1, 2, ..., N } and there are N ! such permutations, where N ! indicates the factorial of N . Denote the set of all such permutations by Π. We define the probability ρ (p) n as the probability that the nth permutation results in the acceptance order (m 1 , m 2 , . . . , m N ) if the received packet comes from the PU. The sum of the probabilities of a given rank for a certain relay denotes the fraction of time slots with this ranking order. Probability ρ have the aforementioned probabilities as elements and both have N ! elements. Recall that the origin of the received packets at the relays can be determined from the packet's identifier. Based on the identifier, the relays determine which decoding order and acceptance probabilities should be used. The medium access control (MAC) operation can be summarized as follows:
• At the beginning of a time slot, the PU transmits the packet at the head of its queue to the primary receiver. Due to the broadcast nature of the wireless channel, the SU and the relays can listen to the transmitted primary packet.
• The SU senses the channel over the first τ seconds of the time slot. If the SU detects the channel to be free from primary activity, it transmits from its queue if it is nonempty. The relays can overhear the secondary transmission.
• If the PU is active and the transmitted packet is received correctly by the primary receiver, an ACK message is fed back from the receiver. The packet is then dropped from the primary queue. The relays also discard what they have received.
• If the primary packet is not received correctly, a NACK message is fed back from the primary receiver. The relays then attempt to decode the received packet and determine its origin. Based on their primary packet acceptance ranking, the first-ranked relay decides whether or not to accept the primary packet if it is decoded correctly. If the packet is accepted, an ACK message is transmitted, thereby inducing the primary transmitter to drop the packet. If the firstranked cognitive relay fails to decode the primary packet or does not accept it, the second-ranked relay tries to do so. This relay issues an ACK signal if it decodes the packet successfully and decides to accept it. This operation continues in ranking order till a relay decodes and accepts the packet. If no relay accepts the packet, it is kept in the PU's queue for retransmission.
• In the case of secondary transmission, the relays perform the same operation as described for primary transmission. The ranking of relays to accept the secondary packets differs from the ranking of accepting the primary packets.
• If both the PU and the SU are found to be idle, the relays start transmitting the packets at the heads of their queues. The fraction of time slots in which relay k is scheduled to transmit is ω k .
2) Random Assignment Decoding and Round Robin Decoding:
The difference between random assignment decoding, S RD , and S OD is that in S RD only one relay is scheduled to decode, and possibly accept, the undelivered primary or secondary packet at any slot. The probability that relay k is assigned the decoding role in a time slot is denoted as β k . We define the vector β = (β 1 , β 2 , . . . , β N ) with the constraint N k=1 β k = 1. The vectors α, ω, f p and f s are similar to those in S OD . The operation of the relays can be summarized as follows:
• At the beginning of each time slot, the index, k, of the randomly selected relay is generated according to β.
• If the primary packet is not received correctly, a NACK message is fed back from the primary receiver. The relay that is assigned for packet decoding tries to decode the undelivered primary packet. If the packet is decoded correctly, it is accepted with a certain probability and an ACK message is transmitted, thereby inducing the PU to drop the packet. If the cognitive relay assigned for decoding fails to decode the primary packet or does not accept it, the packet is kept in the primary queue for retransmission.
• If the PU is sensed by the SU to be idle, the SU, if its queue is not empty, starts transmission and the relays repeat the same operation as described earlier for the PU's relaying scenario.
Round robin decoding is a deterministic relay selection strategy in which the decoding assignment is executed in a cyclic manner. Thus, the probability that relay k is assigned for relaying is β k = 1/N , where k ∈ {1, 2, . . . , N }.
B. Physical (PHY) Layer
The channel outage event for the relays and the SU can be calculated as follows. The transmitters adjust their transmission rates depending on when they start transmission during the time slot. Assuming that the number of bits in a packet is b and the time slot duration is T , the transmission rate is
with T SF = iτ + T F < T , where T F is the time needed to execute the feedback process. The parameter i = 0 if the transmitter is the PU as transmission proceeds at the very beginning of the time slot, i = 1 for the SU as its transmission is preceded by a spectrum sensing period of τ seconds, and i = 2 for all relays because their transmissions are preceded by a spectrum sensing period of 2τ seconds relative to the beginning of the time slot. Outage of a link occurs when the transmission rate exceeds the channel capacity. Hence, the outage probability of the link between node j and node k is given by [9] 
where W is the bandwidth of the channel, γ j,k is the received signal-to-noise ratio (SNR) when the channel gain is equal to unity, and h j,k is the channel power gain, which is exponentially distributed in the case of Rayleigh fading. The channel gain, h j,k , is assumed to be independent from slot to slot and link to link. The outage probability can be rewritten as
Assuming that the mean value of h j,k is σ j,k ,
Let P j,k = 1−P j,k 4 be the probability of correct reception. It is therefore given by
Note that the duration of the feedback process, T F , varies according to two factors: (1) the strategy that the relays adopt in packet decoding, and (2) the node that occupies the spectrum. Since the relays send packets when both the SU and the PU are inactive (i.e. have no packets to send), there is only one feedback signal from the respective destination and therefore T F = τ f , where τ f is the time duration required to acknowledge the reception of a data packet. For the PU and the SU, the effect of the used strategy on T F is explained as follows. In the case of S OD , the relays are ordered in terms of sending the feedback messages. Since each node needs τ f seconds, the overall feedback duration is T F = (N + 1) τ f . On the other hand, S RD and S RR need only T F = 2τ f for the feedback process to be executed. The increase in the feedback duration is interpreted as an increase in the outage probabilities of the channels. This fact can be seen easily from (5); that is, P j,k decreases with increasing of T SF . It should be mentioned that the decoding process, taking into account the feedback duration, causes a reduction in the allowable data transmission time of both the primary and secondary transmissions, i.e., the total transmission time reduces to T − T SF .
III. PROBLEM FORMULATION
A. Average Arrival and Service Rates 1) Ordered Acceptance: Consider the primary queue first. A packet can be served in either one of the following events: the channel between the PU and PD is not in outage; or the primary channel is in outage but one of the relays decodes correctly and accepts the packet. Note that for relay k to get the primary packet, all the relays having a higher priority in accepting the packet should either fail to receive 4 Throughout this paper, y = 1 − y.
(decode) the packet correctly due to channel outage, or reject the packet. The average service rate of the primary queue is given by
The secondary queue can be analyzed in a similar fashion. If the primary queue is stable, i.e., λ p ≤ µ p , the probability of the primary queue being empty is [9] 
When the primary queue is empty, a packet in the secondary queue can be served in either one of the following events: the channel between the SU and SD is not in outage; or the channel between the SU and the SD is in outage but one of the relays decodes and decides to accept the packet. Therefore, the average service rate of the secondary queue can be written as
If λ s ≤ µ s , the probability that the secondary queue is empty is given by
Let λ p,k and λ s,k be the arrival rates at the queues Q p,k and Q s,k of relay k, respectively. Note that for an arrival event to occur at Q p,k , the primary queue should be nonempty. For an arrival event to happen at Q s,k , the primary queue must be empty to preclude primary transmission and the secondary queue should be nonempty. The expressions for the arrival rates follow directly from (6) and (8) and are given by
For a relay to transmit, both the primary and secondary queues should be empty. Relay k transmits from Q p,k with probability α k and from Q s,k with probability 1 − α k . The average service rates, µ p,k and µ s,k , of Q p,k and Q s,k at relay k, respectively, are given by
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2) Random Assignment Decoding: In S RD , the kth relay is scheduled to decode the transmitted packet with probability β k . Hence, the average service rates of the PU and the SU are given by
The average arrival rates to the relaying queues are
The average service rates of the relaying queues are the same as in the ordered acceptance case.
3) Round Robin Decoding: In S RR , each relay is assigned the decoding role with equal probability, i.e., 1/N , in a cyclic manner. The expressions are thus similar to S RD with the substitution β k = 1/N . Proposition 1. The SU's maximum mean service rate, µ * s , for an arbitrary decoding strategy is given by
Proof: Regardless of the adopted decoding strategy, the secondary average service rate can always be upper bounded by the probability of the PU's queue being empty assuming that when the PU is idle due to its empty queue, the SU can successfully transmit its packet with probability one. This can be expressed as µ s ≤ π p . Since the probability of the PU being empty is
B. Average Queueing Delay Analysis
In our problem it can be shown that there are two expressions for the queueing delay according to the dynamics of the Markov chains characterize the available queues. The queueing delays of users' queues when they are stable are given by [9] , [10] 
where ℓ ∈ {p, s} and µ ℓ > λ ℓ , while the queueing delay of the relaying queue Q ℓ,k can be shown to be
with µ ℓ,k > λ ℓ,k .
The end-to-end mean queueing delay is the average delay that any packet experiences from its arrival at the source queue till it arrives at the destination. In our system, each packet arriving at Q ℓ experiences on the average delay of D ℓ time slots, where ℓ ∈ {p, s}. Further, a packet has an additional delay D ℓ,k if it reaches the destination through relay k. Since, on the average, the probability that a packet serviced from Q ℓ is buffered at the kth relay before reaching its destination is
, the average queueing delays of the primary and secondary packets are given by
A similar approach for computing the end-to-end delay is found in [11] .
C. Optimization Problem
Our optimization problem is concerned with the constrained maximization of the secondary average service rate given λ p , λ s and N subject to predefined tolerable end-toend mean queuing delay constraints for the primary and secondary packets. Under the ordered acceptance strategy, S OD , the maximum secondary average service rate can be obtained by solving the following problem:
where
< ∞ is the maximum tolerable primary endto-end mean queueing delay, D (T ) s < ∞ is the maximum tolerable secondary end-to-end mean queueing delay, the notation a ≤ x is an element wise condition on the vector x = (x 1 , x 2 , . . . , x m , . . . ) implying that a ≤ x m , ∀m, and x 1 is the ℓ 1 -norm of the vector x defined as x 1 = m |x m |. The delay constraints implicitly require the primary, secondary and relays' queues to be stable. The total number of optimization parameters in case of ordered acceptance is 2N ! + 4N . 5 For S RD , the maximum secondary average service rate can be obtained by solving a similar optimization problem as in the ordered decoding case with the relevant optimization variables. The total number of optimization parameters in the case of random decoding is 5N .
For S RR , the maximum secondary average service rate can be obtained by solving an optimization problem similar to the optimization problem for S RD with all elements of β equal to 1/N . The total number of optimization variables is equal to 4N .
IV. NUMERICAL RESULTS AND CONCLUSIONS
In this section, we provide some numerical results for the optimization problems considered in this paper. Fig. 2 demonstrates the case of τ f = 0, and low outage probabilities for the PU and the SU direct links: P s,sd = 0.2 and P p,pd = 0.1. The figure is generated using N = 2, 
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P s,2 = 0.1 P p,2 = 0.02 P 3,sd = 0.2 P 3,pd = 0.2 P s,3 = 0.02 P p,3 = 0.2 P 4,sd = 0.1 P 4,pd = 0.01 P s,4 = 0.1 P p,4 = 0.1 P 5,sd = 0.01 P 5,pd = 0.01 P s,5 = 0.01 P p,5 = 0.01 packets per time slot, the primary mean service rate, µ p , under strategies S OD , S RD and S RR is given by 0.999, 0.998, and 0.994, respectively. As evident from Fig. 2 , the ordered acceptance strategy with two relays almost achieves the upper bound on the secondary average service rate, which is equal to 1 − λ p . Random assignment and round robin decoding give almost the same performance for the parameters used in the simulation. Table I . Note that in this case relaying is essential since without cooperation (no relays), the primary service rate is equal to 1 − P p,pd = 0 and both the primary and secondary queues are always backlogged and unstable and packets are never being served. Hence, the queueing delay of each user is infinity. Fig. 4 reveals the impact of increasing the number of relays on the optimal secondary average service rate for S RD with τ f = 0.01T . This figure is generated using τ = 0.05T , P s,sd = 0. Table I . As shown in the figure, when the number of relays, N , increases, the maximum average service rate of the SU (i.e. the maximum µ s ) approaches the upper bound. Impact of increasing the number of relays on the optimal secondary average service rate for S RD .
